Detailed morphological analyses of a Pleistocene-Holocene submarine channel system in terms of its hierarchical framework, were carried out using a 3D seismic volume from offshore Espírito Santo, SE Brazil. The channel morphology shows marked variations, with five segments (Segments a to e) being identified along its full length. For example, the cross-sectional area of the channel decreases by a factor of 70 from Segment a to Segment c, and is then followed by a nearly four-fold increase from Segment c to Segment d. The significant changes in channel morphology relate to temporal and spatial variations in flow volume within the channel. In the same channel system, the valley reveals three distinct segments (Segments A to C), with similar aspect ratios but marked variations in morphology along the valley distance. Valley morphological changes are chiefly affected by erosional processes. Segment B is characterised by the largest valley-base width, valley width, and cross-sectional area compared to the other two segments. Valley enlargement in Segment B results from relatively high degrees of lateral channel migration and associated cut bank erosion, leading to the widening of the valley, especially the valley base. In Segment C, the valley is characterised by inner bank erosion in the form of shallow-seated mass failures, which only enlarged the upper part of the valley wall. The spatial variations in both channel and valley morphology documented here suggest an important role of local factors (e.g. salt diapirs, tributaries, overbank collapse) in the development of channel systems. Hence, the morphological analyses developed in this work provide an effective tool for studying channels and valleys on continental slopes around the world.
Introduction
Submarine channels are major conduits for sediment transported from continental shelves to abyssal plains, and their deposits comprise important reservoirs in deep-water basins when filled with sand-or silt-prone sequences (Mayall and Stewart, 2000; Mayall et al., 2006; Wynn et al., 2007) . To better organize and compare architectural elements associated with submarine channels, several hierarchical frameworks have been proposed in the literature (Gardner and Borer, 2000; Campion et al., 2000; Sprague et al., 2002 Sprague et al., , 2005 . Stratigraphic elements of multiple scales such as channels, channel complexes and channel complex sets have been comprehensively documented in previous studies (e.g. Gardner and Borer, 2000; Gardner et al., 2003; Abreu et al., 2003; Deptuck et al., 2003; McHargue et al., 2011; Di Celma et al., 2011; Thomas and Bodin, 2013; Bain and Hubbard, 
Terminology
Three main types of morphological features (i.e. channel, channel belt and valley) and their deposits are defined in the following section (Fig. 2) .
The term submarine channel, or channel as used herein, defines V-or U-shaped negative features on the seafloor (Fig. 2c) . Buried channels refer to sub-surface channels filled by sediments, a character distinguishing them from channels on the seafloor. Depositional units in buried channels comprise the channel fill. The lowest point in a channel is defined as the channel thalweg. Submarine channels correspond to channel elements in the established stratigraphic hierarchical frameworks (Sprague et al., 2002; Abreu et al., 2003; McHargue et al., 2011; Thomas and Bodin, 2013) .
Channel belt is defined as a morphological feature on the seafloor. It is composed of channel and terraces (Fig. 2d) . A terrace is defined as a topographic flat bordering a channel within the channel belt (Babonneau et al., 2004) . Terraces are generated by multiple mechanisms such as entrenchment, bank failure, deposition of inner/internal levees, lateral channel migration, and meander cut-offs (Babonneau et al., 2004; Deptuck et al., 2003; Hansen et al., 2015) . The term channel belt is used in multiple studies (Deptuck et al., 2003; Posamentier, 2003; Catterall et al., 2010; Kane and Hodgson, 2011; Gamberi et al., 2013; Hansen et al., 2015) . The architectural features in these studies correspond to what this paper defines as the valley.
Valley is an architectural element of higher order than the channel (Samuel et al., 2003; Kolla, 2007; Janocko et al., 2013) . It comprises the sub-surface valley fill and the channel belt (Fig. 2e) . The valley corresponds to a channel complex when considering a stratigraphic hierarchical framework, as both are composed of two or more genetically related channel-fill episodes (Sprague et al., 2002; Abreu et al., 2003; McHargue et al., 2011; Thomas and Bodin, 2013) . The valley is formed by lateral migration and vertical stacking of a single channel element (e.g. Samuel et al., 2003; Deptuck et al., 2003; Babonneau et al., 2004; Kolla, 2007; Janocko et al., 2013) , and has a composite erosional surface consisting of a valley base and adjacent valley walls (erosional fairway sensu Deptuck et al., 2003; Catterall et al., 2010 ; master erosion/incision surface sensu Gee et al., 2007 ; channel-belt erosion surface sensu Kane and Hodgson, 2011 ; bounding erosion surface sensu Hansen et al., 2015) (Fig. 2e) . The lowest point of the valley's erosional surface is the valley thalweg.
Levees are overbank deposits with gull-wing geometries that converge away from the channel thalweg. External levees (outer levees sensu Deptuck et al., 2003 Deptuck et al., , 2007 ; master-bounding levees sensu Posamentier, 2003) and internal levees (inner levee sensu Deptuck et al., 2003 Deptuck et al., , 2007 are used to differentiate levees deposited outside and inside the valley (Kane and Hodgson, 2011) .
The term channel system is used here to refer to all genetically related morphological and depositional components. It is defined by the valley (or channel complex) plus the external levees confining the valley (Fig. 2b) . Two or more genetically related channel systems comprise a channel complex set.
Geological setting

Tectono-sedimentary evolution of the Espírito Santo Basin
The Espírito Santo Basin (ESB) is located on the SE Brazil continental margin between the Abrolhos Bank and the Campos Basin (Fig. 1a) . The width of the ESB's continental shelf increases from 50-60 km in the south to 240 km on the Abrolhos Bank in the north (Bastos et al., 2015) . The modern shelf break varies in depth from 40 to 80 m (Knoppers et al., 1999; Bastos et al., 2015) .
Four tectono-sedimentary stages have been interpreted in the ESB; pre-rift, syn-rift, transition and drift stages (Fig. 3) (Ojeda, 1982) . The pre-rift stage spans the Late Jurassic to Early Cretaceous and records the deposition of fluvial-lacustrine sediments in basins dominated by moderate faultrelated subsidence (Ojeda, 1982; Chang et al., 1992) . The syn-rift stage developed from the Late Berriasian to Early Aptian and was dominated by intense tectonic subsidence. This stage records the widespread formation of rift basins in the ESB, in which deposition of fluvial and lacustrine sediments took place (Fig. 3) . Magmatic activity also occurred at this stage (Fig. 3) , resulting in basaltic and andesitic volcanism (Ojeda, 1982 ). An angular unconformity marks the boundary between the syn-rift and post-rift stages (Chang et al., 1992) .
Following syn-rift tectonics, the transitional stage spanned the Middle Aptian to Late Aptian/Early Albian, in which the deposition of thick evaporite sequences and marine carbonates predominated (Ojeda, 1982) .
The drift phase ranges in time from Late Aptian/Early Albian to the present-day, and is characterised by the deposition of open-marine strata (Ojeda, 1982; Chang et al., 1992) (Fig. 3) .
Strata deposited in this phase are divided into two megasequences: earlydrift transgressive and latedrift regressive megasequences (Mohriak, 2003; Fiduk et al., 2004) (Fig. 3) . The transgressive megasequence consists of Albian carbonate platforms accumulated below muddy and sandy turbidites, and marks a general deepening-upwards trend towards the end of the Cretaceous (Davison, 1999; Fiduk et al., 2004; Alves et al., 2009) . The regressive megasequence marks the reactivation of rift structures and episodic magmatic activity (Demercian et al., 1993; Cobbold et al., 2001; Mohriak et al., 2008) , and is associated with the emplacement of the Abrolhos Bank to the north of the study area (Cordani, 1970) . A large amount of sediments sourced from the Abrolhos Bank and onshore rivers were transported downslope by submarine canyons and channels during the regressive megasequence (Bruhn and Walker, 1997; Davison, 1999) .
Salt tectonics in the Espírito Santo Basin
Salt tectonics has been active in the ESB since the Albian (Fiduk et al., 2004) . The main triggers for salt tectonics in the region are gravitational gliding and differential loading by overburden rocks of variable thickness (Demercian et al., 1993; Fiduk et al., 2004) . As a result, three tectonic domains are interpreted in the ESB, each showing different salt structural styles (Fiduk et al., 2004) (Fig. 4) . The proximal domain is characterised by salt rollers and rafts. Salt deformation in this domain is dominated by extensional processes (Demercian et al., 1993; Fiduk et al., 2004; Alves, 2012) . In the transitional mid-slope domain, where the study area is located, salt diapirs predominate (Fiduk et al., 2004) . Basinwards, the compressional domain is dominated by allochthonous salt canopies, tongues and overhangs (Fiduk et al., 2004; Mohriak et al., 2008) .
In the study area, several salt diapirs are rooted in two NW-SE trending salt ridges (Gamboa and Alves, 2015) . With the exception of D2, all salt diapirs have a seafloor expression at present (Fig. 1b) . Various architectural elements, such as mass-transport deposits (MTDs), turbidite lobes, submarine canyons and channels are observed within a salt-withdrawal basin delimited by salt diapirs D1 to D6 (Gamboa and Alves, 2015) . These elements are strongly influenced by the relative location and movement of the salt diapirs (Baudon and Cartwright, 2008; Alves et al., 2009; Gamboa et al., 2012; Gamboa and Alves, 2015) . Topographic confinement created by salt diapirs is reflected by changes in channel density, geometry and sinuosity (Alves et al., 2009; Gamboa et al., 2012) . As an example, channel density decreases from the unconfined region to the topographically confined region (Gamboa et al., 2012) .
Rio Doce Canyon system in the Espírito Santo Basin
The Rio Doce Canyon system, defined as a set of stacked Eocene to recent submarine channels developed in the northern part of the ESB, is one of the most important depositional features offshore SE Brazil (Fiduk et al., 2004) . The sediment source of this canyon system is affected by longshore drifts, which play an important role in distributing sediment on the continental shelf and slope of SE Brazil (Dominguez et al., 1992; Martin and Suguio, 1992) . At least three major channel events have been identified within the Rio Doce Canyon system ( Fig. 5): (1) an Eocene channel system controlled by adjacent faults generated on the flanks of growing diapirs (Alves et al., 2009) , (2) a Miocene channel system with multiple laterally shifting channels, and (3) a PlioceneQuaternary channel complex set confined by salt diapirs (Gamboa et al., 2012) (Fig. 5) . The studied late Pleistocene-Holocene channel system belongs to the Pliocene-Quaternary channel complex set bounded at its base by an intra-Pliocene unconformity of regional expression (França et al., 2007) (Fig. 5 ).
Data and methodology
Seismic dataset
The interpreted 3D seismic volume is located in the northern part of the ESB (Fig. 1a) . The seismic data were acquired by a dual airgun array and a 6 x 5700 m array of streamers. The survey has a bin spacing of 12.5 by 12.5 m and a 2 ms vertical sampling interval. Data processing included resampling, spherical divergence corrections, and zero-phase conversions undertaken prior to stacking, 3D prestack time migration using the Stolt algorithm, and one-pass 3D migration. The vertical resolution of the data is ~10 m at the depth of analysis in this study, based on a dominant frequency of 40 Hz and a P-wave velocity of 1600 m/s for near-seafloor strata. A water-column velocity of 1480 m/s was used for time-depth conversions of the seafloor. The polarity of data is SEG normal i.e., positive amplitude reflections (red) on the seismic profiles represent an increase in acoustic impedance (Fig. 2a) .
Morphological analyses of the channel system
The mapping of the seafloor and channels followed a line-byline interpretation combined with 3D auto-tracking. The quantitative analyses of the channel system followed the methods of Deptuck et al. (2007) and included channel and valley measurements (Fig. 6) .
Channel measurements included the depth of channel thalweg and channel bank below sea level, channel height, width of channel floor and channel, aspect ratio (width/height) and crosssectional area (CSA) (Fig. 6c) . These parameters were measured in equally spaced cross-sections oriented perpendicularly to the channel axis line. The channel CSA was measured at 1-km intervals and other parameters were measured at 125-m intervals. Channel gradient was calculated based on thalweg depth changes along the channel distance.
Valley measurements were conducted at cross-sections perpendicular to the valley axis. The parameters measured include the depth of valley thalweg and valley wall below sea level, valley height, width of valley base and valley, the aspect ratio (width/height) and CSA of the valley (Fig.  6d ). The valley CSA was measured at 1-km intervals and other parameters were measured at 65-m intervals. The gradients of the valley thalweg (valley gradient) and the valley walls were calculated based on measurements of depth along the valley.
Seafloor morphology
The study area is located on the southern flank of the Abrolhos Bank, a bathymetric feature that is associated with a unique slope configuration in the ESB (Fig. 1a) . The presence of the Abrolhos Bank forces a shift in the orientation of the continental shelf, which changes from NE striking to the southwest to ENE striking in the northeastern part of the ESB. This change results in two different slope trends in the study area (Fig. 1b) . The western half of study area displays a decreasing slope from 8° in the northwest to 1° in the southeast, whereas the eastern part shows a gentler slope ranging from 1° to 2° (Figs.1b and 7). The seafloor is also affected by growing salt diapirs, and in some areas, the slope angle decreases to nearly 0° (Fig. 7) .
Three slope regions have been defined based on the degree of confinement imposed by salt diapirs deforming the seafloor (Gamboa et al., 2012) (Fig. 8) . The pre-confluence slope (Zone 1) is relatively unconfined and shows a variety of erosional features such as gullies, channels, irregular depressions and headwalls of mass-wasting events (Fig. 8) . The confluence region (Zone 2) presents a relatively higher topographic confinement when compared to Zone 1 due to the presence of salt diapirs D2, D3, D5 and D6. As a result, turbidity flows sourced from upslope are diverted by these salt diapirs, as shown by the shift in orientation of the two tributaries in the seafloor channel (Figs. 8 and 9). For example, the pathway of the east tributary changes from NNE-SSW in Zone 1 to NE-SW in Zone 2 due to the presence of salt diapir D5 (Fig. 9) . A distinct confluence point for two Miocene tributaries has been observed in the same region (Gamboa et al., 2012) , suggesting that the present-day slope configuration was established in the Miocene. Downslope from the postconfluence region (Zone 3), the seafloor becomes less confined after diapirs D2 and D5, and it is relatively smooth with fewer erosional features (Fig. 8 ).
Morphological analyses of the late Pleistocene-Holocene channel system
The late Pleistocene-Holocene channel system is only partially filled, and includes a sinuous channel on the modern seafloor (Figs. 8 and 9). The seafloor channel comprises two upslope tributaries in Zone 1 and a post-confluence channel downslope in Zones 2 and 3 (Fig. 9 ). The continuity of sedimentary fill patterns between the east tributary and the post-confluence channel, as well as the continuity of the channel thalweg, indicate that these two channel segments constitute the main flow pathway at present (Gamboa et al., 2012) . Other small tributaries connected to the east tributary are also observed on the seafloor (Fig. 9 ). Both west and east tributaries change their orientation in the pre-confluence region, and are diverted into the confluence region due to salt diapirs (Fig. 9) . The general orientation of the channel changes to nearly NS until the southern boundary of the seismic volume is reached (Fig. 9) .
The dominant flow pathway (east tributary and post-confluence channel) is the focus of the following sections (Fig. 9 ). Along that pathway, the channel system is divided into different segments ( Fig.10 ) based on the morphological analyses conducted at channel ( Fig. 11 and Table 1 ) and valley scales ( Fig. 12 and Table 2 ).
Quantitative channel analyses
The dominant pathway of the seafloor channel is 42 km-long within the seismic dataset. It starts from a water depth of ~1000 m, down to ~1700 m at the southern edge of the seismic volume. The channel shows marked variations in its morphology ( Fig. 11 and Table 1 ). Five distinct segments (Segments a to e) are recognized based on their morphological changes (Figs. 10 and 11, Table 1 ).
Depth profiles of channel thalweg and channel bank, and channel height profile
The depth profile of the channel thalweg shows an exponential trend and is divided into three intervals based on the observed variations in channel gradient (Fig. 11a ). Channel gradient approaches 1.47° (25.7 m/km) in the first interval, where the steepest parts of the channel are recorded (Fig. 11a) . Between 12 km and 27 km in interval 2, the channel shows a stepped profile and gradient decreases to 0.83° (14.5 m/km) due to the presence of salt diapir D5. In the remainder of the channel (interval 3), channel gradient decreases to 0.71° (12.4 m/km) between 27 and 37 m, and reaches its lowest value of 0.5° (8.7 m/km) in the last 8 km (Fig. 11a) . The along-slope depth profile of the channel bank shows marked changes (Fig. 11a ), which correlate with variations in the channel height profile (Fig. 11b) . There are three intervals observed in the depth profile of channel bank and channel-height profile (Figs. 11a and b) . The first interval (0-12 km) has the highest value of channel height, which ranges from 80 m to 156 m (Fig. 11b) . In interval 2, between 12 and 27 km, the channel height decreases rapidly due to a decrease in the depth of the channel bank (Figs. 11a and b) . The channel height reaches a minimum value of 13 m at 21 km, and then fluctuates between 22 m and 58 m for the remainder of interval 2 (Fig. 11b) . The third interval starts with a marked increase in channel height from 22 m to 100 m at 27 km, due to an abrupt increase in the depth of the channel bank, and is followed by a decreasing trend. The channel height decreases to 26 m at the southern edge of the seismic volume (Fig. 11b) .
Width profiles of channel and channel floor
The channel-width profile in Fig. 11c displays four intervals. It fluctuates between 445 and 1061 m in the first 13 km within interval 1. In interval 2, the channel width decreases from 689 m to its lowest value of 243 m at 27 km. This decreasing trend is followed by an increase of channel width between 27 km and 32 km (interval 3), where the channel width ranges from 403 m to 610 m. In interval 4, the channel width decreases rapidly to 310 m at 32 km and then rises progressively. It increases to 440 m at the southern limit of the seismic volume (Fig. 11c) .
The width of the channel floor varies from 80 to 400 m, showing an average value of 203 m, and its profile can be divided in four intervals (Fig. 11c) . For most of the channel length, channelfloor width shows small variations, but displays two increasing trends starting at 12 km in interval 2 and 36 km in interval 3 (Fig. 11c) . These two trends relate to decreases in channel gradient at 12 km and 36 km (Figs. 11a and c) .
Aspect ratio (width/height) and cross-sectional area (CSA) of channel
The aspect ratio of the channel ranges from 5 to 27 and four intervals are observed along the channel (Fig. 11d) . It shows small changes in the first 13 km, with an average value of 6 in interval 1. The aspect ratio rises in interval 2, between 13 km and 21 km, and increases to a maximum of 27 at 21 km. The third interval starts with an abrupt drop at 21 km, where the aspect ratio decreases to 9 and then remains nearly constant. Between 27.5 and 36.5 km (interval 4), the aspect ratio displays an increasing trend towards the southern limit of the seismic volume, where the ratio increases up to 17 (Fig. 11d) .
The CSA of the channel shows a similar trend to channel height and width (Figs. 11b, c and e). The CSA is ~0.06 km 2 in the first 10 km, except for an abrupt change at 2 km where the CSA decreases to 0.025 km 2 (Fig. 11e) . Between 10 km and 25 km the CSA decreases by a factor of 22, from 0.067 km 2 at 10 km to a minimum value of 0.003 km 2 at 21 km. This significant reduction in CSA is followed by a nearly three-fold increase from 21 to 22 km, where it is 0.008 km 2 and remains constant for the next 3 km. The CSA shows a rapid increase from 25 km and an increase to 0.035 (Fig. 11e) .
Variations in channel morphology
The channel displays significant morphological changes along the channel distance ( Fig. 11 and Table 1 ). Five segments (Segments a to e) are observed following variations in channel morphological parameters (Figs. 10 and 11, Table 1 ).
In the first 13 km of Segment a, the channel is steepest and has the largest cross-section, as shown by the highest value of channel gradient, height, width and CSA (Fig. 11 and Table 1 ). In Segment b, between 13 km and 22 km, channel gradient decreases and is also accompanied by significant decreases of channel height, width and CSA (Fig. 11 and Table 1 ). For example, the channel width decreases more than 200 m and the CSA decreases by a factor of nearly 40 in this segment when compared to Segment a (Table 1) . However, the width of the channel floor and the aspect ratio increase to their maxima value against reduced channel size in Segment b (Figs. 11b-e and Table 1 ).
In Segment c (22-27 km), the channel size decreases to its lowest value, with channel height of 38 m, channel-floor width of 165 m, channel width of 345 m and CSA of 0.008 km 2 (Table 1) . The aspect ratio of the channel declines to 9 in this segment (Table 1) .
In Segment d, abrupt increases in channel height and width are observed between 27 km and 32 km. These are accompanied by a nearly four-fold increase in the channel CSA when compared to Segment c (Figs. 11b, c and 
Quantitative valley analyses
The valley is divided into three segments (Segments A to C) based on the observed changes in valley morphology (Figs. 10 and 12, Table 2 ). The valley shows multiple architectural elements (e.g. terraces and scars) in distinct segments (Fig. 10) .
Depth profiles of valley thalweg and valley wall, and valley height profile
There are five intervals observed in the depth profile of the valley thalweg (Fig. 12a) . The valley is steepest in the first 6 km, with a gradient of 1.88° (32.8 m/km). The valley gradient decreases to 1.34° (23.4 m/km) between 6 km and 13 km due to the presence of salt diapir D5. For the next 3 km, the valley thalweg is difficult to recognise because it presents similar seismic facies to an underlying MTD, both of which are composed of discontinuous, high amplitude reflections. Between 16 km and 22 km the valley gradient declines to 1.04° (18.2 m/km), and is then followed by an increase to 1.39° (24.3 m/km). In the remainder of the valley, the valley gradient decreases to its lowest value of 0.65° (11.3 m/km) between 30 m and 35 m (Fig. 12a) .
The depth profile of the valley wall shows its steepest interval in the first 4 km, with a gradient of 2.01° (35.1 m/km) (Fig. 12a ). This interval is followed by a decrease in valley-wall gradient to 1.28° (22.3 m/km) between 4 and 21 km, and 0.72° (12.6 m/km) from 21 to 27 km. In the fourth interval, between 27 and 35 km, the valley-wall gradient increases to 1.08° (18.9 m/km) (Fig. 12a) .
The valley height is dependent on variations in both the depth of valley wall and valley thalweg (Figs. 12a and b) . It ranges from 230 m to 350 m along the full length of the valley (Fig. 12b) . In interval 1, the valley height decreases due to a rapid drop in valley-wall depth (Figs. 12a and b ). This trend is followed by an increase in valley height in the second interval (4-21 km), where it changes from 230 m to 310 m. The valley height decreases to its lowest value of 230 m at the end of interval 2. In interval 3, the valley height shows a marked increase. It increases to the highest value of 350 m at 29 km and is followed by a decrease in the remainder of the valley (Fig. 12b). 
Width profiles of valley and valley base
The width profiles of the valley and the valley base share similar patterns. They both have relatively higher average values in interval 2 than those in intervals 1 and 3 (Fig. 12c) .
The valley width ranges from 732 m to 2755 m (Fig. 12c) . It fluctuates between 732 m and 1439 m in interval 1 (0-17 km). This fluctuation is followed by an increase to 2260 m between 17 m and 24 km in interval 2 (Fig. 12c) . In interval 3 (24-35 km), valley width varies from 1000 m to 1500 m, with two maxima of 2187 m at 26.4 km and 2755 m at 33.25 km. The latter value of 2755 m represents where the valley width reaches its maximum (Fig. 12c) .
The width of the valley base varies from 161 m to 700 m for most part of the valley. However, a rapid increase occurs between 19 km and 23 km, where the valley base can be up to 1738 m wide and an increase in valley width is also recorded (Fig. 12c) .
Aspect ratio and cross-sectional area (CSA) of valley
The aspect ratio of the valley has a similar trend to the valley width (Figs. 12c and d) , suggesting the valley width varies relatively more than the valley height. The aspect ratio ranges from 3 to 5 in the first 20 km. It is followed by an increase in interval 2 (20-24 km), where the aspect ratio rises up to 9. The aspect ratio decreases to 4 for the majority of interval 3 (24-35 m) but with two peak values, 7 at 26.5 m and 9 at 33.5 m, induced by the increased valley width (Fig. 12d) .
The valley CSA also shares a similar pattern to valley width (Figs. 12c and e) . The CSA is highest between 17 m and 23 m in interval 2, where it ranges from 0.253 km 2 to 0.431 km 2 , whereas it varies between 0.087 and 0.337 km 2 in intervals 1 and 3 (Fig. 12e). 
Variations in valley morphology
The valley is divided into three segments based on the observed morphological variations (Figs. 10 and 12, Table 2 ). These segments have similar aspect ratios but different valley sizes (Table 2) .
The valley is smallest in Segment A, showing the lowest average value of valley-base width of 382 m, valley width of 1117 m, valley height of 273 m and CSA of 0.181 km 2 (Table 2) . In Segment A, the terraces on the eastern wall of the valley are interpreted to result from the deposition of internal levees above slump deposits (Figs. 13a and b) . Transparent to low amplitude, chaotic reflections are observed at the valley base (Figs. 13a and b) . Similar seismic facies have been previously documented and interpreted as slump and debris-flow deposits sourced from the valley walls (Mayall et al., 2006; Gee et al., 2007; Janocko et al., 2013) . These slump deposits are observed in the first 8 km of Segment A. The marked continuity of depositional patterns for such a long distance (8 km) suggests slumps were generated on the upper slope, and not locally on the valley walls.
In Segment B, between 17 and 24 km, the width of the valley base and the valley record maximum average values of 849 m and 1602 m, respectively (Table 2 ). This is particularly observed when considering the width of the valley base, which increases more than two-fold from Segment A to Segment B (Table 2) . Such an increase results in a relatively higher CSA value in Segment B ( Table 2 ). The increase in valley size in Segment B is interpreted to result from cut bank erosion during lateral channel migration. Turbidity flows undercut the lower part of the valley and are followed by the collapse of overhanging blocks (i.e. cantilever failure), leading to the lateral widening of the valley, especially the valley base.
Discontinuous, high-amplitude seismic reflections at the valley base are interpreted as basal lags (Figs. 13c and d) . Multiple channel forms are identified at the valley base and show the trajectory of lateral channel migrations (Figs. 13c and d ) to be consistent with observations in Deptuck et al. (2003) and with models proposed by Sylvester et al. (2011) . Moderate-to highamplitude, parallel reflections are observed above basal lags (Figs. 13c and d) . Similar reflections are also recorded by Deptuck et al. (2003) , but it is difficult to identify them as abandoned channelfills or overbank deposits (Deptuck et al., 2003 (Deptuck et al., , 2007 . Some wedge-shaped seismic reflections can, however, be interpreted as internal levees of the channel system (Figs. 13c and d) .
The architecture of the valley fill in this work is similar to that of Benin's and Niger delta's submarine channel systems (Deptuck et al., 2003) . The presence of channel forms at the valley base suggest abrupt, and discrete lateral channel migration (Deptuck et al., 2007) . Similar migration processes have also been recorded in the Lucia Chica channel system offshore California (Maier et al., 2012) . This type of migration contrasts with the relatively continuous migration process revealed by Lateral Accretion Packages (LAPs) on seismic data from West Africa (Abreu et al., 2003; Janocko et al., 2013) .
The size of the valley decreases in Segment C, as shown by relatively lower values of the valley width and the CSA when compared to Segment B, despite the fact that the largest valley height is observed in Segment C (Table 2) . Arcuate scars of different sizes are observed on the banks of the channel belt in Segment C, some of them are located on the inner banks of the channel belt (Figs. 10 and 13e-g). These scars occur 70 m -140 m above the present-day channel thalweg, suggesting they were formed by shallow-seated mass failures (Figs. 13e-g ). The presence of slide scars coincides spatially with the peak value in valley width at 26-27 km and 33-34 km (Figs. 10 and 12c) , indicating that the valley was widened through shallow-seated mass failures in this segment. Terraces in this segment were formed by the deposition of internal levees (Figs. 13e and f) and failed blocks (Fig. 13g). 
Discussion
Possible causes for variations in channel and valley morphology
In terms of hierarchical scheme, the seafloor channel in this study is comparable to channel elements from the stratigraphic record (Fig. 14) . They are all considered as basic architectural elements of a stratal hierarchical framework.
The valley is the highest-order architectural element when considering the hierarchical (channel) framework described in this paper (Fig. 14) . It is an integrated result of lateral migration and vertical stacking of channel elements through time, as shown by the shift of channel forms at the valley base (Figs. 13c-g ). This observation is consistent with previous studies, which have shown that valley base is a diachronous surface or a composite erosional surface shaped by multiple erosional events (e.g. Deptuck et al., 2003; Sylvester et al., 2011; Kolla et al., 2012; Thomas and Bodin, 2013; Macauley and Hubbard, 2013; Bain and Hubbard, 2016; Di Celma et al., 2011) .
Channel morphology
The morphology of channel cross section shows significant variations along the channel ( Fig.  11 and Table 1 ). This is shown, for example, by the rapid decrease in channel CSA from Segment a to Segment c, which decreases by a factor of 70 (Table 1) .
Channel gradient is considered to be a major control on turbidity-flow behavior (e.g. Friedmann et al., 2000; Babonneau et al., 2002; McHargue et al., 2011; Wynn et al., 2012; Stevenson et al., 2013) . Correlations between decreasing channel gradients and widened channel floors have been observed at 12 km and 36 km along the channel axis (Figs. 11a and c) . These correlations are consistent with results from previous studies (Babonneau et al., 2002) .
Apart from widened channel floors, decreases in channel gradient could also lead to reduced flow energy, sediment deposition, widened channels and decreased channel heights (e.g. Friedmann et al., 2000; Adeogba et al., 2005; Estrada et al., 2005) . However, this is not strictly valid for the submarine channel investigated in this work. In our example, decreasing channel gradient from Segment a to Segments b and c is accompanied by decreased channel width (Table 1) . A similar relationship is also observed from Segment d to Segment e (Table 1) . Additionally, increased channel height with decreased channel gradient from Segment c to Segment d also contradicts previous work. Therefore, channel gradient probably is not the main cause for the variations in channel size documented here.
Because the height of the leveed channel indicates the minimum thickness of turbidity-flows that forming internal levees, and can thus be used as an indicator of flow volume (Babonneau et al., 2002; Deptuck et al., 2003; Estrada et al., 2005) , spatial variations in channel height along the channel length suggest that flows inside the channel were not the same in terms of their physical properties and erosional power. Such variations may reveal spatial and temporal variations in flow volume. This observation agrees with the models proposed in McHargue et al. (2011) , who suggests multiple waxing-waning cycles of turbidity flows at multiple scales.
Relationships between temporal changes in flow properties and channel size have been observed in the Niger delta, where a temporal decrease in channel size is correlated with a decrease in sediment supply (Jobe et al., 2015) . Similar scenarios may also occur in the studied channel. The volume of turbidity flows flushed into the channel may have decreased through time, leading to smaller channels in Segments b, c d, and e. Additionally, tributaries in the confluence region could have induced variations in channel size. Apart from the intersection of the west tributary with the main seafloor channel observed at the confluence point, two other tributary channels connecting to the east tributary are observed on the seafloor (Fig. 9) . These tributaries may have provided lowvolume, and less energetic flows to the main pathway. These flows tended to deposit in Segments b and c, rather than transporting sediments downslope towards Segments d and e, therefore generating small-sized channels in Segments b and c.
Despite the observed variations in channel size, the width of the channel floor shows relatively small changes (Fig. 11c and Table 1 ), suggesting it has been only slightly affected by variations in flow discharge.
Valley morphology
Valley morphology reveals spatial variations in erosional processes within the valley. It is difficult to identify the principal erosional mechanism in Segment A, but the morphology and architecture of the valley suggest spatial variations in erosional processes in both Segments B and C. In Segment B, the valley base is more than two times wider than other segments (Table 2) . This difference is interpreted as resulting from cut bank erosion during multiple episodes of lateral channel migration (Fig. 15a) , as shown by the channel forms at the valley base (Figs. 13c and d) . Cantilever failure probably is the main erosional processes in this segment.
In Segment C, inner bank erosion in the form of shallow-seated mass failures (Figs. 13e-g ) widened the upper part of the valley wall, and resulted in a stepped bank profile (Fig. 15b) . Similar mass failures and associated scars have also been recorded in other submarine channels (e.g. Deptuck et al., 2007; Janocko et al., 2013) , they are contrast with deep-seated mass failures observed in the submarine channel system of the Gulf of Mexico (Sawyer et al., 2013) . In addition, shallowseated mass failures are mainly located in Segment C (Fig. 10) , suggesting local factors predominantly control bank erosion in this area. A marked increase in valley height from Segment B to Segment C reflects this process, as the increase may be associated with the occurrence of scars and associated mass wasting in Segment C (Fig. 12b) .
Spatial variations in valley morphology suggest valley size can change over a short distance (i.e. a few kilometers), as documented by the two-fold increase in valley CSA in Segment B, within just 7 km (Table 2) . Such an increase in valley size can enhance the volume of channel-fill deposits and the reservoir potential of the valley, but the extent of valley enlargement is relatively small, increasing uncertainty when drilling.
Scale comparison with other submarine channel systems
This work shows a channel of 243-1061 m wide, and 13-156 m high (Figs. 11b and c) . Channels hundreds of meters wide, tens of meters high have been documented, on seismic data in the Gulf of Mexico (Sylvester et al., 2012) and Congo (Deptuck et al., 2007; Jobe et al., 2015) , and on bathymetric data from offshore California (Maier et al., 2012) . Similar channels have also been documented at outcrops (Brunt et al., 2013; Figueiredo et al., 2013; Gardner et al., 2003; Di Celma et al., 2011; Moody et al., 2012; Bain and Hubbard, 2016) . Furthermore, km-wide channels are recorded in the modern Amazon and Zaire fans (Pirmez and Flood, 1995; Babonneau et al., 2002) . As submarine channels are products of turbidity flows, changes in their size probably reflect variations in flow properties (e.g. flow volume, grain-size distribution) (e.g. Babonneau et al., 2002; Pirmez and Imran, 2003; Sequeiros, 2012; Konsoer et al., 2013; Jobe et al., 2015) .
The valley is 700-2800 m wide, 230-350 m high in this study (Figs. 12b and c) . Similar valleys have been documented from both seismic (e.g. Wood and Mize-spansky, 2009; Gamberi et al., 2013) and outcrop studies (e.g. Masalimova et al., 2016). However, valleys (or channel complexes) documented in the literature show marked variations in their height and width. For example, channel complexes less than 1000 m wide have been recorded at outcrop in North America (Pyles et al., 2010; Gardner et al., 2003) , Italy (Thomas and Bodin, 2013) and Chile (Macauley and Hubbard, 2013) . In contrast, valleys more than 3000 m wide have been recorded on seismic data (e.g. Samuel et al., 2003; Deptuck et al., 2007; Catteral et al., 2010; De Ruig and Hubbard, 2006; Kolla et al., 2012; Jolly et al., 2016) , and at outcrops (e.g. Bain and Hubbard, 2016; Grecula et al., 2003) . In the Indus fan, the valley can be up to 10 km wide (Deptuck et al., 2003) . These marked variations may relate to the degree of lateral channel migration. This seems to be the case for the studied submarine channel, where the higher degree of lateral migration corresponds to the largest valley width and CSA in Segment B (Figs. 13c and d, Table 2 ). In contrast, the lower degree of lateral migration resulted in lower valley width and CSA (Figs. 13e-g, Table 2 ). Spatial correlation between channel Segments b and c, and valley Segment B (Fig. 10) suggests that increased degree of lateral channel migration in Segment B may be associated with local sediment input from tributaries. Apart from cut bank erosion during lateral channel migration, inner bank erosion has also contributed to the widening of the valley, as reflected by the shallow-seated mass failures and associated scars observed in this study (Figs. 10 and 13e-g ).
The distinct channel and valley scale-relationships obtained from previous studies are also dependent on the data sources utilised and on the measurement methods applied (Kolla et al., 2001; Wood and Mize-spansky, 2009; McHargue et al., 2011) . Because of data resolution, seismic data seldom reveal small-scale channels, which may be only a single wavelength thick. Measurements performed on planform and cross-sections can make a difference to morphometric analyses (e.g. Wood and Mize-spansky, 2009 ). Channel and valley width may be overestimated when outcrops are not perpendicular to the channel and valley axis, whereas they may be underestimated because muddy deposits at the top of channel fill tend to be eroded and poorly exposed (McHargue et al., 2011) .
Conclusions
This study focuses on the geomorphology and bank erosional processes of a late PleistoceneHolocene channel system developed in the Espírito Santo Basin, SE Brazil, to conclude: a) On channel scale of a fundamental hierachical level, five segments (Segments a to e) are identified based on the variations in morphologic parameters. The observed variations are related to spatial and temporal changes of flow volume within the channel. b) On valley scale of a higher-order hierarchical level, three segments (Segments A to C) are recognised according to the morphological changes of the valley. The variations of valley morphology was controlled by two distinct erosional processes. Cut bank erosion during lateral channel migration led to the retreat of entire valley walls, especially widening the valley base in Segment B. In contrast, inner bank erosion in the form of shallow-seated mass failures only enlarged the upper part of the valley wall, as in Segment C.
c) The scales of channel and valley in this study are comparable to examples observed on other continental slopes. Distinct spatial variations in both channel and valley morphology in the same channel system suggest an important role of local factors (e.g. salt diapirs, tributaries, overbank collapse) on its development and later evolution. d) Relative increases in valley size are capable to enhance the volume of channel-fill deposits, but the extent of valley enlargement is relatively small in this study. In terms of reservoir potential, one should take into account the combined nature (i.e., net-to-gross ratios) and volume of levee and adjacent channel-fill deposits. Fig. 8 . Schematic representation of major seafloor geomorphologic features in the study area. The location of salt diapir D2 is shown, although no clear dome is presently observed on the seafloor in association with this structure. The pre-confluence and confluence regions show a variety of erosional features such as gullies, channels, headwall scars left by mass-wasting events and irregular depressions. In contrast, the post-confluence region is relatively smooth with fewer erosional features. Fig. 9 . Dip map of the seafloor showing that the seabed channel comprises west and east tributaries upslope and a post-confluence channel downslope. Other small tributaries connected to the east tributary are also observed on the seafloor. Both west and east tributaries change their orientation in the pre-confluence region, and were diverted into the confluence region due to the presence of salt diapirs. In the confluence and post-confluence regions, the general orientation of the channel changes to nearly N-S until the southern limit of the seismic volume is reached. Fig. 10 . Dip map showing the dominate sediment pathway of the channel system. The pathway is divided into different segments based on channel (Segments a to e) and valley dimensions (Segments A to C). Several terraces and scars are observed along the channel system. 
